The origin of the germ cell lineage in vertebrates is a fundamental question that has preoccupied developmental biologists. Recent work on the origin of the avian germ line has extended and clarified our understanding of the temporal and spatial segregation of primordial germ cells (PGC) during prestreak stages of development. The germ cells first appear at Stage X (Eyal-Giladi and Kochav, 1976) in the ventral surface of the area pellucida in a scattered pattern among polyingressing cells. Subsequently, the PGC gradually translocate from the epiblast to the hypoblast. The entire process appears to be dependent upon the maintenance of an organized area pellucida. Little is known about the regulatory events governing germ cell emergence during this period; however, the culture of dispersed blastodermal cells on a mouse fibroblast feeder layer can compensate for a disorganized area pellucida and offers an in vitro system to examine the molecular basis of germ cell development. Such basic information is valuable for current approaches towards the production of transgenic poultry with targeted changes to the genome through the use of avian embryonic stem cells or primordial germ cells. Refinement of the culture of primordial germ cells or their precursors should allow academic and industrial research laboratories to answer significant biological questions and to improve the genetic potential of commercial poultry stocks. A better understanding of the biology of avian primordial germ cells during early embryo development can only enhance this process.
INTRODUCTION
The chick embryo has played an important role in the study of vertebrate development for at least a century. As an experimental model, the avian egg is amenable to a range of manipulations that would be next to impossible using mammalian embryos. For example, transplantation of whole or parts of organ rudiments between chick and quail embryos is a routine procedure to study the cell fate of several developmental systems. Unfortunately, recent advances in genetic manipulation through transgenic technology have yet to be applied to the avian embryo as thoroughly as in other vertebrates. The reasons for this are varied. However, the more information gained about the basic biology of avian germ cell development, the more rational and predictable will be the approaches towards manipulation of the avian genome. Consequently, progress is being made in both areas so that the development of routine procedures for avian transgenesis could make the bird the system of choice to study the genetic basis of vertebrate development as well as lead to commercial applications in the poultry industry.
AVIAN REPRODUCTIVE STRATEGY AND EARLY DEVELOPMENT
Fertilization occurs shortly after ovulation in the interior portion of the oviduct, viz. the infundibulum, and is polyspermic. The first cleavage divisions do not begin until about 5 to 6 h later when the ovum enters the shell gland, after the deposition of albumen and the shell membrane. Cell division is incomplete in the first few hours and many cells on the perimeter of the embryo are not delimited from the yolk by a complete cell membrane. For several decades, it was thought that the process of cell division during development in the oviduct was rather uniform and nondescript. Eyal-Giladi and Kochav (1976) (E-G&K) examined the preovipositional period of development of the chick embryo and described a series of well-defined stages marked by significant changes in morphology, which were later shown to correlate with the organization of the early embryo as a radially symmetric structure with functional bilateral symmetry (Eyal-Giladi, 1991) . It should be noted that the E-G&K system has been useful for chick and quail embryos. However, the early development of the turkey was found to be different enough to warrant its own staging series (Gupta and Bakst, 1993 ; for a comparative study of early embryogenesis of the chicken and turkey see Bakst et al., 1997) . Pre-primitive streak stages are designated with Roman numerals from Stage I to XIV (EG&K) to distinguish them from the staging system of Hamburger and Hamilton (1951) (H&H), which uses Arabic numbers to categorize embryo development during incubation.
Stages I to VI are characterized by successive cleavage divisions until the embryo forms a flat disk six cells deep separated from the yolk by a subgerminal cavity. Stages VII to X encompass the first obvious morphogenetic event, the formation of the area pellucida, which arises from the thinning of the central area of the blastoderm directly overlying the subgerminal cavity. This process, which is believed to be due to cell shedding (Fabian and Eyal-Giladi, 1981) , is also coincident with the acquisition of axial symmetry through the influence of gravity (Kochav and Eyal-Giladi, 1971 ). The bilateral symmetry imprinted on the embryo clearly manifests itself as the area pellucida becomes a twolayered structure during the formation of the hypoblast, located beneath the epiblast (Stages XI to XIII, EG&K), and in the subsequent development of the primitivestreak (Stage 2 to 4, H&H). The origin of the hypoblast is rather complex and appears to be derived from two sources, the cells from the posterior region of the marginal zone, i.e., the peripheral junction between the area pellucida and the area opaca, and contributions from polyingressing cells of the epiblast, a term that refers to the loose accumulation of cells lying on the ventral side of the epiblast (Eyal-Giladi and Kochav, 1976; EyalGiladi et al., 1992; Bakst et al., 1997) . At Stage XI, the presence of Koller's sickle on the ventral aspect and adjacent to the posterior marginal zone marks the first sign of the formation of the hypoblast. From this point, the hypoblast advances anteriorly with contributions from the marginal zone and clusters of polyingressing cells (Eyal-Giladi et al., 1994) . Subsequently, the epiblast becomes one cell thick as the cells produce basal stellate projections supplying a flat meshwork for the advancing hypoblast (Watt et al., 1993) . As the hypoblast progresses it incorporates many, although not all, of the polyingressing cells (Kochav et al., 1980) . A considerable body of work indicates that the hypoblast is responsible for the induction of the primitive streak in the overlying epiblast (see Eyal-Giladi et al., 1992 . From the Stage XIII embryo (full hypoblast), the epiblast will give rise to the embryo proper, whereas the hypoblast contributes to extraembryonic endoderm. With the onset of gastrulation and the formation of the primitive streak, the hypoblast is displaced anteriorly by the emerging endodermal layer. This feature is important to keep in mind when considering the origin of avian germ cells.
DEVELOPMENTAL HISTORY OF AVIAN PRIMORDIAL GERM CELLS
Primordial germ cells (PGC), of course, are the precursors of ova and spermatozoa and, therefore, the only link between subsequent generations. To explore the developmental processes associated with the segregation of the germ line from the somatic cell lineage, it is necessary to conceptualize the emergence of PGC in relation to the temporal and spatial development of the embryo described above. Although the origin of PGC in vertebrates has been a subject of study for a long time, the picture has been clarified only in anurans, urodeles, and recently in the mouse (See Nieuwkoop and Sutasurya, 1979; Ginsburg et al., 1990; Lawson and Hage, 1994; Wakahara, 1996) . In all vertebrates studied, PGC are extragonadal in origin; however, the mode of segregation differs among vertebrate groups. For example, in anurans, the germ line appears to be "predetermined" from cells containing determinative elements and represents the germplasm or preformistic mode of development. In mammals and urodeles, germ cells arise epigenetically at later stages of development from pluripotent embryonic cells.
The biology of avian PGC has been investigated mainly in the chicken and little has changed concerning germ cell development after formation of the primitive streak (Stage 4, H&H) beyond that described in the classic comparative summary of vertebrates by Nieuwkoop and Sutasurya (1979) . The original observations of Swift (1914) detailed the presence of PGC in an extra-embryonic region referred to as the germinal crescent, well before the development of the gonads. Swift's observations, which were based on the morphological characteristics of PGC, were later confirmed by several investigators (Goldsmith, 1928; Willier, 1937; Simon, 1960) . The subsequent movement of PGC from the germinal crescent to the gonadal ridges occurs in two phases. First, PGC are carried passively to the vicinity of the germinal ridge through the extra-and intra-embryonic circulation (Swift, 1914; Meyer,1964; Fujimoto et al., 1976a,b) . Second, the blood-borne PGC leave the vessels and actively migrate into the gonadal anlage. In this second, active phase of migration, chemotaxic signals released from the gonad (Dubois and Croisille, 1970; Kuwana et al., 1986) , extracellular matrix components (Urven et al., 1989) , and the anatomical arrangement of the vascular system surrounding the gonadal epithelium (Nakamura et al., 1988) are thought to be important factors.
AVIAN TRANSGENESIS USING GERM CELLS OR THEIR PRECURSORS
The early development of the chick embryo and the development of primordial germ cells after gastrulation immediately suggests several avenues for the development of transgenic birds (for reviews see Perry and FIGURE 1. A diagrammatic representation of the procedures for the production of transgenic poultry with targeted modifications of the genome. Primordial germ cells or their precursors (i.e., embryonic stem cells), are isolated and cultured under conditions that inhibit differentiation. The cells are transfected using gene constructs designed to select for homologous recombination events. Cells that have incorporated a functional construct are used to develop germ line chimeras. Subsequent breeding of the chimeras provide the founding generation of transgenic birds. Recent progress and improvements for the various steps involved provide considerable optimism for the development of transgenic poultry using this methodology. Sang, 1993; Simkiss, 1993) . Exogenous DNA can be introduced shortly after fertilization by microinjection, a procedure that recently produced a transgenic rooster (Love et al., 1994) . In addition, retroviral infection of the unincubated embryo or germinal crescent PGC has also been used to produce transgenic chickens (Bosselman et al., 1989; Vick et al., 1993a) . These reports clearly demonstrate that no biological barriers exist in birds for the incorporation of exogenous DNA and the development of transgenic individuals. Although injection of DNA into the newly fertilized ovum and retroviral vectors continue to be useful tools for experimental biology, the routine production of lines of transgenic birds for experimental or commercial use has not yet met expectations and, in the case of retroviral vectors, public acceptance is difficult to predict. Often, this lack of success stems from concerns about the efficiency of the procedures and the limitations inherent in the two methods. One of the disadvantages for both procedures is that they cannot currently utilize transgenic techniques based upon homologous recombination, that are useful for developing lines of transgenic organisms with specific alterations to the genome. Figure 1 illustrates the necessary steps for the development of transgenic poultry using homologous recombination. This scheme, which was adapted from the procedures used to develop transgenic mice (see Robertson, 1987) , requires the coordination of three major technical procedures, two of which needed to be modified for the reproductive strategy and early developmental biology of birds. The first was the ability to produce germ line chimeras.
Although chimeric mice were produced in the early 1960s through embryo aggregation (Tarkowski, 1961) and blastocyst injection (Gardner, 1968) , the analogous procedure in the domestic fowl yielding a viable germ line chimera was not reported until almost three decades later (Petitte et al., 1990) . Although embryonic germ line chimeras have been developed to study germ cell development for many years, the production of a chicken with functional gametes derived from donor primordial germ cells was first attempted by Reynaud (1976) ; however, the results were not definitive. Subsequently, Gonzales (1989) and Wentworth et al. (1989) reported successful PGC transfer between two quail lines. Today, the production of germ line chimeras using blastodermal cells from the Stage X embryo or definitive PGC is now a routine procedure utilized by several laboratories (Naito et al., 1991; Yasuda et al., 1992; Carscience et al., 1993; Tajima et al., 1993; Vick et al., 1993b; Thoraval et al., 1994) . In addition, significant changes in efficiency of chimerism were achieved by compromising the development of the recipient embryo or depletion of endogenous germ cells (Carscience et al., 1993; Vick et al., 1993b) .
The second procedural requirement for specific alteration of the genome of birds is the development and testing of constructs that can undergo homologous recombination. Smithies et al. (1985) were the first to report successful gene targeting in a human cell line using homologous recombination, and Thomas and Capecchi (1986) targeted a gene in a mouse cell line. Since then, gene targeting has been utilized extensively to study mammalian gene function in vitro and in vivo (Bollag et al., 1989) . In birds, the first successful attempt at gene targeting via homologous recombination was reported by Buerstedde and Takeda (1991) , who noted that chicken B cell lines, particularly DT-40, can undergo homologous recombination at much higher frequencies than transformed chicken erythroblast or myeloblast lines. A major question important for transgenesis is whether cells of the early embryo or PGC can undergo homologous recombination events. In this regard, Liu (1995) demonstrated that a regulatory region of the Vitellogenin II gene could be modified by homologous recombination in chicken blastodermal cells. Similar studies need to be done with PGC.
The final prerequisite to complete the technical strategy to produce transgenic poultry with targeted genetic modifications is the long-term culture of PGC or cells that have the potential to give rise to germ cells. In 1981, two groups reported the culture of pluripotent stem cells derived from the inner cell mass of the mouse embryo that could give rise to both somatic and germ cells when reintroduced to a blastocyst (Evans and Kaufman, 1981; Martin, 1981) . This result began a revolution in the ability to manipulate the murine genome (see Robertson, 1987; Hooper, 1992) . These embryonic stem cells have a particular phenotype and can undergo spontaneous-or induced-differentiation in vitro in addition to their use in producing chimeras. When coupled with homologous recombination techniques, lines of mice with specific changes to the genome can be produced to study the genetic basis of development or model human diseases. Recently, Matsui et al. (1992) and Resnick et al. (1992) reported similar cultured embryonic stem cells from mouse PGC and offer another means for accessing the murine genome.
The power and sophistication of these procedures has stimulated the search for embryonic stem cells for several species including the rat (Iannaccone et al., 1994) , mink (Sukoyan et al., 1993) , cow (First et al., 1994) , rabbit (Graves and Moreadith, 1993) , pig (Wheeler, 1994) , sheep (Notarianni et al., 1991; Talbot et al., 1993; Campbell et al., 1996) , monkey (Thomson et al., 1995) , zebra fish (Sun et al., 1995) , and, of course, poultry. In 1993, Petitte and Yang briefly reported work on the long-term culture of cells from the unincubated blastoderm with a stem cell like phenotype. Subsequently, it was shown that these cells had the potential to give rise to several cell types when grafted onto the chorioallantoic membrane and could give rise to somatic and germ line chimeric embryos (Liu et al., 1996) . Wentworth et al. (1996) described the spontaneous immortalization of cells derived from the early unincubated blastoderm; however, their pluripotency is unknown at this time. Recently, Pain et al. (1996) also demonstrated that cells cultured from the early blastoderm showed characteristics of stem cells and were able to produce somatic and germline chimeric chicks. These are encouraging findings, as the final steps of transfection and selection of stably transfected stem cells would complete the procedures to produce a transgenic/chimeric bird whose offspring would provide the founding population of transgenic birds (Figure 1) . Interestingly, avian feeder cells or conditioned media from a chicken liver cell line can support the growth of mouse embryonic stem cells (Yang and Petitte, 1994) , and the recent reports of the culture of avian embryonic stem cells were also facilitated using STO feeder cells (Liu, 1995; Liu et al., 1996; Pain et al., 1996) . Historically, the STO cell line was an essential component in the initial work to develop murine embryonic stem cells. This observation suggests that the biological basis of embryonic stem cell culture may be conserved between mammals and birds.
In addition to the culture of embryonic stem cells from the early blastoderm, the culture of PGC could provide another means of targeting the avian genome. Unfortunately, the culture of avian PGC has been generally short term and still needs to be refined. Recent approaches include gonadal PGC cultured on a feeder layer derived from stromal cells with and without exogenous growth factors (Allioli et al., 1994; Chang et al., 1995; Wentworth et al., 1996) and on STO feeder layers .
BIOLOGY OF AVIAN GERM CELL ORIGINS
Most studies on the development of chicken PGC from their appearance in the germinal crescent until their settlement in the gonad used periodic acid Schiff (PAS) staining (Meyer, 1960) . Unfortunately, morphology and PAS staining are not specific enough to allow a direct examination of germ line segregation during preprimitive streak stages of development. Therefore, specific details of the emergence of avian PGC prior to the formation of the primitive streak have been indirectly addressed through interspecific transplantation using species-specific markers or manipulation followed by in vitro culture until PGC could be identified with PAS. By using Stage XIII epiblast/ hypoblast chimeras between chicken and quail blastoderms, Eyal-Giladi et al. (1981) concluded that avian PGC originate from the epiblast and not the hypoblast as previously thought at the time. Later experiments suggested that, once formed in the epiblast, PGC gradually translocate to the hypoblast, via an unknown mechanism, where they are carried to the germinal crescent as a result of morphogenic movements associated with the formation of the primitive streak (Ginsburg and Eyal-Giladi, 1986 ).
Although such experiments demonstrated the epiblastic origin of avian germ cells and provided a conceptual framework for understanding their localization in the germinal crescent, work was needed to pinpoint the temporal and spatial arrangement of PGC segregation at prestreak stages. Several lines of evidence suggested that the segregation of the germ cell lineage takes place at developmental stages as early as Stage X, roughly at the time of oviposition. Firstly, when fragments of a Stage X embryo, viz. the peripheral area opaca, the central disc of the area pellucida, are cultured on vitelline membranes (New, 1955) , PGC can be detected even in the absence of axis formation (Ginsburg and Eyal-Giladi, 1987) . Similar observations were obtained when Stage X embryos were dispersed into small pieces and cultured on glass coverslips (Ginsburg and Eyal-Giladi, 1989) . Secondly, immunohistochemical markers such as EMA-1 (Urven et al., 1988) in the chick embryo and QH-1 (Pardanaud et al., 1987) in the quail embryo have been suggested to identify PGC at prestreak stages of development as early as Stage X. In addition, Muniesa and Dominguez (1990) claimed that PGC were already present at Stage X based upon PAS staining and ultrastructural characteristics. Unfortunately, none of these studies provided direct evidence indicating that cells recognized by antibodies or of a particular phenotype were, in fact, PGC or their immediate precursors. Therefore, two fundamental questions regarding the origin of avian PGC at prestreak stages of development needed to be addressed experimentally: 1) When do avian germ cells segregate from the somatic cell lineages? 2) Do PGC arise in the epiblast in a scattered pattern or are they restricted to a specific region? It is essential to answer these questions not only to explore the molecular and cellular mechanisms involved in the segregation and proliferation of the avian germ line, but also to develop coherent approaches towards avian transgenesis. In a similar manner to that seen in vivo, PGC occur singly or in small clusters (see Karagenç et al., 1996) . Scale bars = 20 m.
Recently, the above questions were systematically addressed by Karagenç et al. (1996) using a series of in vitro culture experiments coupled with immunohistochemistry. When whole Stage VII to IX (EG&K) embryos and embryo fragments were cultured on vitelline membranes, a direct relationship between the formation of area pellucida and the emergence of PGC was observed. Specifically, PGC arose only from regions of the embryo where the formation of area pellucida was complete, but not from regions where this process had not yet taken place. Thus, the emergence of PGC appears to be linked to the formation of area pellucida (Ginsburg, 1994) . It should be noted that this phenomenon parallels the extent of somatic chimerism obtained by injecting blastodermal cells from Stage V to VIII embryos into Stage X embryos . Thus, the formation of the area pellucida appears to be the defining event in the development of both somatic and germ cell lineages.
The detection of PGC in cultures of embryo fragments did not distinguish, however, between two possible developmental programs, i.e., preformistic mode of segregation vs epigenetic induction. It is possible that a population of cells committed to the germ cell lineage exists at intra-uterine stages of development or that PGC differentiate from early precursors as a result of an inductive event associated with area pellucida formation (Epigenetic induction). We favor the latter hypothesis as dispersed blastodermal cells from Stage IX embryos, i.e., before the completion of the area pellucida, did not give rise to PGC when cultured for 48 h on glass coverslips, indicating that the Stage IX embryo does not harbor committed germ cells . Furthermore, extension of the culture period to 96 h did not result in their emergence (Karagenç and Petitte, unpublished observations) . Generally, the number of germ cells obtained after 48 h of culture with dissociated blastodermal cells increased from about 20 to about 60 with successive stages. This result was much lower than that obtained in cultures with fragmented embryos (Ginsburg and Eyal-Giladi, 1989; Karagenç et al., 1996,) suggesting that normal development of PGC not only requires specification of the area pellucida, but a certain level of cellular organization within this region. It is likely that the PGC detected at Stages X to XIV represent a population of cells committed to the germ cell lineage at each stage. In any case, it would appear that germ cell segregation is a gradual process beginning at Stage X (Ginsburg and Eyal-Giladi, 1986; Karagenç et al., 1996) .
The development of avian PGC appears to be an epigenetic event that requires intercellular signaling during the formation of the area pellucida. This process was examined using the culture of cells obtained from dispersed embryos at Stages IX to XIII on feeder layers of the murine fibroblast cell line STO . PGC were identified on the basis of their morphology and reactivity to anti-SSEA-1. Interestingly, germ cells were detected in feeder-dependent cultures not only with Stages X to XIII as expected, but also with Stage IX embryos ( Figure 2B ). This finding suggests that STO cells provide factors that stimulate the differentiation/emergence of PGC from precursor cells that do not spontaneously give rise to PGC in vitro in the absence of the microenvironment provided by the feeder layer. This is not surprising, as STO cells are known to produce soluble growth factors/cytokines, such as FGF-2, stem cell factor, and leukemia inhibitory factor, which are involved in the maintenance and proliferation of mouse PGC (Godin et al., 1990; Dolci et al., 1991 Dolci et al., , 1993 Matsui et al., 1991 Matsui et al., , 1992 Resnick et al., 1992) .
The connection between the timing and the spatial aspects of germ cell segregation was completed by immunohistochemical analysis of whole embryos and serial sections at Stages IX to XIV using SSEA-1 and . It is unlikely that these cells participate in germ cell allocation as the staining is limited to the dorsal surface. As the hypoblast develops, SSEA-1 positive cells formed within the polyingressing layer gradually translocate to the dorsal aspect of the hypoblast. These cells represent the earliest identifiable cells of the embryo that contribute directly to the germ line . During the formation of the primitive streak, these cells are carried anteriorly along with the hypoblast to form the germinal crescent (Swift, 1914) .
EMA-1 antibodies. SSEA-1 is a carbohydrate antigen determined by galactose (b1-4) N-acetylglucosamine (a1-3) fucose (Gooi et al., 1981) and has been used as a marker to identify mouse PGC both in vivo and in vitro (Donovan, 1994) . Both SSEA-1 and EMA-1 were expressed by chicken PGC from their appearance in the germinal crescent until their settlement in the gonad Karagenç and Petitte, unpublished observations) , confirming the observations of Urven et al. (1988) for EMA-1. Staining of wholemount embryos and sections at Stages IX to XIV revealed that individual cells begin to express the epitopes recognized by EMA-1 and SSEA-1 only at Stage X on the ventral surface of the area pellucida in association with polyingressing cells (Figure 3) . At this stage, approximately 20 labeled cells were detected. This assessment coincided with the number of labeled cells that were detected in dissociated cells from Stage X that were cultured on glass cover slips. From Stage XI onwards, SSEA-1 positive cells with varying intensities of staining were scattered throughout the dorsal aspect of the epiblast (Figure 3) . Separation of the epiblast and hypoblast revealed the presence of a distinct population of SSEA-1 positive cells on the ventral surface of the epiblast and on the dorsal surface of the hypoblast (Figures 2A and 3) . It is most likely that the stained cells on the hypoblast represent the population that has already translocated from the epiblast . When SSEA-1 positive chicken hypoblast cells were cultured in association with mitotically arrested quail blastodermal cells , morphologically defined chicken PGC were detected by PAS staining in the culture. No PGC were detected in cultures initiated with SSEA-1 negative hypoblast cells .
Taken together, it is evident that the segregation of the avian germ line is an epigenetic event that occurs gradually in association with the formation of the area pellucida. The summary description of Nieuwkoop and Satasurya (1979) can now be extended to earlier stages in which cells committed to the germ line appear at Stage X, and translocate to the hypoblast at Stages XI to XIV prior to formation of the germinal crescent. It is likely that this process is mediated by several growth factors such as FGF-2 and SCF whose temporal pattern of expression is coincident with the period of PGC emergence (Riese et al., 1995; Petitte and Karagenç, 1996) .
IMPLICATIONS FOR TRANSGENESIS
The current knowledge of PGC origins clearly indicates that avian germ cells do not arise from a specific region within the area pellucida. This feature, coupled with a low frequency of transgene integration using nonretroviral transfection methods, makes it essential to select and amplify the cells that undergo chromosomal integration. The culture of avian embryonic stem cells or PGC will provide the means to accomplish this. Other questions that may have a bearing on germ cell culture need to be answered in the context of avian germ cell development. For example, what is the relationship between embryonic stem cells and PGC? Is there a small population of stem cells restricted to the germ line within the polyingressed cell cluster? Certainly, germ cell emergence is a gradual process over several stages. What are the specific inductive events for segregation of the avian germ line? How is this timed with gastrulation? Elucidation of the cellular/molecular mechanisms involved in these processes will not only provide a useful model for vertebrate germ cell development, but also will help to develop strategies for the efficient development of transgenic poultry.
